INTRODUCTION
Sequencing the genomes of numerous organisms offers great promise for basic scientific research. Soon, emphasis will be placed upon the identification, isolation and examination of the genes within the sequence(s), with the aim of understanding their function. Isolation of entire genes or specific chromosomal regions from mammalian genomes has typically involved a long and laborious process of identifying the clone containing the region of interest among thousands of random yeast artificial chromosome (YAC) or bacterial artificial chromosome (BAC) clones. The transformation-associated recombination (TAR) cloning technique greatly simplifies this cloning procedure, allowing entire genes and large chromosomal regions to be specifically, accurately and quickly isolated from total genomic DNA as large as YACs or YAC/BACs (1, 2) . This technique uses the Saccharomyces cerevisiae yeast as a tool to isolate the desired gene. The TAR cloning technique is based on in vivo recombination between genomic DNA and a vector containing sequences homologous to a gene of interest (hooks). During transformation of yeast spheroplasts, recombination results in the generation of a YAC containing the gene. The high selectivity of TAR gene isolation is provided by the absence of a yeast origin of replication (ARS element) in the TAR cloning vector. Therefore, propagation of TAR-generated YACs in yeast cells absolutely depends on acquisition of genomic DNA with ARS-like sequences that can function as origins of replication in yeast. Because these sequences are common in mammalian DNA and are present on average once every 20-40 kb (3), most mammalian genes can be isolated by TAR cloning using vectors containing two specific hooks that bracket the targeted gene. To isolate genomic regions lacking ARS-like sequences, a modified protocol of TAR cloning was developed (4) . In this case a vector that has one unique and one repeated sequence hook, Alu or B1 repeats for human or mouse DNA, respectively, is used. The presence of the repeated element makes it possible to isolate a gene as a set of nested overlapping fragments that extends from the specific hook to different upstream or downstream Alu or B1 positions. Such an approach increases the likelihood of isolation of a genomic region (a gene) because at least one of the nested fragments is likely to contain an ARS-like sequence. Since only one of the ends is fixed, this approach is named radial TAR cloning. TAR cloning is highly selective and typically produces libraries in which 0.05-1% of the transformants contain the desired gene. (Variation in yield of positive transformants is apparently caused by selection of targeting sequences; the presence of even short repetitive sequences in the hooks greatly decreases selectivity of TAR cloning.) It is also important to note that, in contrast to YACs constructed by a standard ligation method, the YACs generated by a TAR cloning technique exhibit a low level (if any) of chimeras. Over the last two years this new method was successfully applied for isolation of 10 genes and specific regions from human and mouse genomes as well as for closing the gaps on physical maps (2) . For three genes (BRCA1, HPRT1 and BRCA2), enriched by repeats, isolation of functional copies has been demonstrated, suggesting a high fidelity of TAR gene isolation.
A prerequisite for TAR cloning of a single copy gene from complex genomes is the selection of a unique targeting sequence called a hook. In all previous experiments on gene isolation, the size of a specific hook in a vector varied from 0.2-1.5 kb (2). In the current study, to further enhance and refine TAR cloning technology, we investigated the minimal size of a specific hook required for gene isolation using the Tg.AC mouse transgene as the targeted sequence (5, 6) . Based on our results on TAR cloning of this transgene, the minimal length of a unique sequence that is required for gene isolation from genomic DNA is ∼60 bp.
MATERIALS AND METHODS

Host strain and yeast transformation
A highly transformable S.cerevisiae strain VL6-48 (MATα, his3-∆ 200, trp1-∆1, ura3-52, lys2, ade2-101, met14), which has HIS3 deleted (2), was used as a host for TAR cloning experiments. Yeast spheroplasts that enable efficient transformation were generated using a previously described protocol (2) . Agarose plugs (100 µl) containing ∼5 µg of mouse genomic DNA of high molecular weight from the liver tissue of the Tg.AC mouse were prepared for transformation as previously described (2) . Linearized TAR cloning vectors (1 µg) were added to the DNA-containing plugs before treating with agarase and presented to yeast spheroplasts.
Construction of TAR vectors for cloning of the Tg.AC transgene
All plasmid constructs were created using a universal TAR cloning vector pVC604. pVC604 (HIS3/CEN6) is a derivative of the Bluescript-based yeast-Escherichia coli shuttle vector pRS313 (7) . The vector was generated by deletion of a ∼295 bp fragment containing a yeast origin of replication (ARSH4) from pRS313. A set of radial TAR cloning vectors containing a B1 repeat and different lengths of the simian virus 40 (SV40)-specific targeting sequence [3′-terminal polyadenylation signal sequence in the Tg.AC transgene ( Fig. 1) ] were constructed as follows. A 130 bp mouse B1 element from WJ522 (8) was cloned into SalI-SmaI sites of the pVC604 giving a pVC604-B1 plasmid. An 800 bp SV40-specific fragment was PCR amplified from the pSV2 neo plasmid (Clontech, Palo Alto) using a pair of primers described in Table 1 and inserted into ApaI-SalI sites of pVC604-B1 to generate the SV800 TAR cloning vector with the targeting sequence (hook) of the largest size.
This targeting sequence has no ARS activity based on a low transformation efficiency of SV800. To construct the vectors with smaller targeting sequences, eight different SV-B1 cassettes were PCR amplified from the SV800 plasmid using the B1-specific 1-B1-R primer and one of the following primers: SV600-F, SV373-F, SV284-F, SV186-F, SV118-F, SV60-F, SV40-F and SV20-F (Table 1) . Each PCR product, containing different sizes of the SV40 sequence (600, 373, 284, 186, 118, 60, 40 and 20 bp) and a 130 bp B1 repeat, were inserted into ApaI-SmaI sites of pVC604. The TAR constructions were designated based on the length of a targeting SV40 sequence homologous to the Tg.AC transgene (Fig. 1) . The constructed TAR cloning vectors were cut with SalI (the site is located between hooks) before transformation to yield linear molecules, bounded by the SV40 and B1 hooks. To investigate how the presence of an ARS sequence within the vector affects the efficiency of gene isolation, two additional vectors, SV286-ARS -and SV286-ARS + , were constructed based on the pVC604 plasmid. Both vectors contain a 286 bp SV40 targeting sequence inserted into BamHI-XbaI sites and a 130 bp mouse B1 element cloned into the SacI site of the polylinker. In addition, the vector SV286-ARS + contains ∼300 bp ARSH4 sequence (7) cloned into a unique NsiI site located outside of a polylinker. These vectors were linearized by XbaI and NotI digestion before use for yeast transformation.
Detection of positive clones among yeast transformants
A pair of primers, ZG-F and ZG-R, specific to a ζ-globin promoter region was used for PCR screening of transformants for the presence of Tg.AC transgene sequences (Table 1) . These primers generate a 419 bp PCR product that is diagnostic for recombination between a TAR vector and genomic Tg.AC transgene sequences (Fig. 2) . Yeast genomic DNA isolated from the transformants was amplified under the following standard PCR conditions: 50 mM KCl, 10 mM Tris-HCl pH 9.0, 3.0 mM MgCl 2 , 0.2 mM dTTP, dCTP, dGTP and dATP in a final volume of 50 µl. Thermocycling conditions consisted of 35 cycles of 1 min at 94°C, 45 s at 55°C and 2 min at 68°C, followed by one extension cycle of 10 min at 72°C in a 9600 Thermocycler (Perkin-Elmer). In addition, individual positive clones were identified by yeast colony hybridization using a 32 P-labeled ζ-globin-specific fragment as a probe.
Characterization of YAC clones
Chromosome-sized DNAs from yeast transformants carrying YACs were separated by transverse alternating field electrophoresis (TAFE), blotted and hybridized with either an Alu or a ζ-globin promoter probe. To estimate the size of circular YACs, agarose DNA plugs were prepared from yeast transformants and exposed to a low dose of γ-rays (5 krad) before TAFE analysis. At this dose ∼10% of 100 kb circular DNA molecules are linearized (2) .
RESULTS
TAR cloning of the Tg.AC transgene sequence with vectors containing different sizes of targeting sequence
In previous experiments on isolation of single copy genes by TAR cloning, the size of a specific targeting sequence in a vector varied from 200 to 1400 bp [summarized by Kouprina and Larionov (2) ]. Experiments on isolation of human DNA from hybrid cell lines suggested that the size of the targeting sequences could be significantly shorter. To test this hypothesis, we chose the mouse Tg.AC transgene cassette as a model targeted region. The Tg.AC transgenic mouse contains approximately 40 copies of the transgene integrated into a unique site on chromosome 11 (5) . A multicopy gene array was chosen as a target for this study to obtain statistically significant numbers of independent gene isolates. Each transgene unit consists of a ζ-globin promoter fused to the v-Ha-ras structural gene with a terminal SV40 polyadenylation signal and spans ∼4.0 kb (Fig. 1A) . To study regulation and expression of the transgene, the transgene and flanking genomic sequences were recently isolated using radial TAR cloning. The vector used contained a complete sequence of the B1 repeat (130 bp) and ∼400 bp of the SV40 sequence homologous to the transgene. Isolation of the transgene region from 
total genomic DNA was highly selective when utilizing this vector: roughly one out of every 100 primary transformants contained the targeted region (9) . To determine what would be the minimum size of a hook sufficient for specific gene isolation, we constructed a set of radial TAR cloning vectors with larger and smaller sizes of SV40 specific hooks (from 20 to 800 bp) (Fig. 1) . When the vectors are linearized, one end contains the SV40 sequence and the other end contains 130 bp of the B1 repeat (see Materials and Methods). Homologous recombination between Tg.AC mouse DNA and the linearized vector results in the formation of circular YACs containing the Tg.AC transgene and flanking mouse chromosome 11 regions (Fig. 2) . The efficiency of these vectors in isolation of the transgene from total genomic DNA, prepared from the liver tissue of a transgenic animal, was tested. Five yeast spheroplast transformation experiments were carried out as previously described (2). Using 5 µg of mouse DNA, 1 µg of the linearized vector and 2 × 10 8 spheroplasts, approximately 500-800 His + transformants per experiment were obtained.
Clones containing the Tg.AC transgene and flanking regions were identified among primary yeast transformants by using a pair of diagnostic primers specific for the transgene ζ-globin promoter sequence (Table 1) . The results on efficiency of isolation of the Tg.AC transgene region using TAR vectors containing targeting sequences of different sizes is summarized in Tables 2 and 3 . With a vector containing the largest hook (800 bp), cloning of the Tg.AC transgene sequence from mouse genome was highly specific: one or two out of 100 yeast transformants analyzed contained a YAC with the Tg.AC transgene. Surprisingly, the same yield of positive clones was observed with the vectors containing a 600, 373, 284, 186, 118 and 60 bp SV40-specific hook. The selectivity of cloning decreased significantly when the vector contained a 40 bp SV40-specific sequence (Table 3) . TAFE analysis of irradiated DNA isolated from the transgene-positive transformants demonstrated the presence of circular YACs with sizes ranging from 50 to >200 kb (data not shown). Such a broad distribution in the size of YAC isolates is characteristic for clones generated by a radial TAR cloning when one of the hooks has homology to multiple regions (4) . No positive clones were obtained when only a 20 bp SV40-specific sequence was included in the TAR vector, indicating that the minimal length of a unique sequence sufficient for selective gene isolation is close to that required for human DNA isolation with the Alu-containing vectors.
Cloning of the Tg.AC transgene cassette with an ARS-containing TAR vector
We have investigated the effect that the presence of a yeast origin of replication (an ARS element) in a vector has on the efficiency of TAR gene isolation. We compared the efficiency of isolation of a transgene using two vectors, SV286-ARS -and SV286-ARS + . The vector SV286-ARS + is identical to SV286-ARS -except it contains a functional ARS element (ARSH4) (see Materials and Methods). After linearization with two enzymes producing non-compatible ends, the vectors were transformed into yeast spheroplasts along with genomic DNA from the transgenic mouse. In contrast to results obtained with TAR vectors lacking a yeast origin of replication, SV286-ARS + transformed yeast spheroplasts with a high efficiency. When 1 µg of the XbaI/NotI-linearized vector and 5 µg of genomic DNA were used in transformation experiments, the yield of His + transformation was ∼100-fold greater than that observed with the ARSless vector ( Table 2) . This result suggests a high Figure 2 . A scheme of isolation of the Tg.AC transgene as a series of circular YACs using a TAR cloning vector containing a 3′ Tg.AC sequence and a B1 repeat. Yeast spheroplasts were transformed with genomic mouse DNA along with a TAR cloning vector containing a 3′ sequence (dotted box) and a B1 at the ends of the linearized plasmid. Recombination between sequences in the vector and genomic DNA containing the transgene leads to the establishment of circular YACs that extend from the 3′ sequence to various B1 positions. Because the vector lacks ARS, the only YACs that will be stably maintained are those that included mouse DNA fragments containing a yeast ARS-like sequence. CEN6 corresponds to the yeast chromosome VI centromere and HIS3 is a selectable marker. Arrows indicate positions of primers (specific for a ζ-globin promoter region) used for detection of positive clones among primary transformants. When 3000 transformants, obtained with the SV286-ARS + vector in two independent experiments, were analyzed by PCR for the presence of the Tg.AC transgene sequence, no positive clones were found. In contrast, 10 positive clones were identified among 500 transformants obtained in the similar experiments when the plasmid SV286-ARS -, lacking an origin of replication, was used (Table 2) . Thus, ARS-containing TAR vectors are not efficient for isolating specific regions from complex genomes.
DISCUSSION
The TAR cloning strategy that allows for selective isolation of large genomic regions promises to greatly simplify the physical and functional analysis of mammalian and other complex genomes (2) . The analysis of polymorphic regions, separation of haplotypes and cloning of regions that are not present in existing BAC (or YAC) libraries to close gaps on physical maps are among the many utilities of this technique. With the completion of sequencing of the human genome, the TAR cloning technique will also be very useful for isolating regions containing intact genes, including all regulatory elements required for correct gene expression, for functional studies.
In this work we demonstrated that the minimal length of a unique targeting sequence required for gene isolation by TAR is only 60 bp. A further increase in length of a targeting sequence had no effect on selectivity of gene isolation. Therefore, the minimal length of homology sufficient for gene isolation is smaller than that required for spontaneous mitotic recombination in yeast (10) . It is worth noting that the same length of homology is required during gene disruption experiments using a PCR product (11, 12) and during recombinationmediated plasmid construction in yeast (13, 14) . Such a small size greatly facilitates selection of a targeting sequence(s) for future gene isolation experiments. Firstly, repeated elements are so frequent in mammalian genomes that it may not be possible to identify large, unique hook sequences in all genomic regions. Secondly, short sequences can be easily synthesized; this fact should streamline the design of TAR vectors significantly. In addition, the data we present supports our previous conclusion that the absence of a yeast origin of replication (an ARS sequence) in a vector is a prerequisite for efficient gene isolation by TAR cloning (1) . Although a high enrichment for the Tg.AC transgene sequence was observed with an ARSless vector, no positive clones were identified among a similar number of transformants when an ARS element was incorporated into the vector. Instead, the frequency of transformation was greatly increased as a result of the recircularization of the vector in yeast cells. Similar results, demonstrating a high efficiency of recircularization during yeast transformation, were obtained previously when adenovirus DNA was cloned using ARS-containing vectors (15) . Moreover, when Alu-containing ARS + vectors were used for cloning of total human DNA (i.e. non-selective TAR cloning at all), the fraction of clones with the circularized vector was >70% (1). These results contradict recently published experiments of Bhargava et al. (16) who described the isolation of specific regions the human genomic DNA using an ARS-containing pClasper vector. The authors reported that the frequency of positive clones among the primary transformants varied from 0.05 to 3%. Surprisingly, this frequency is similar to that observed during TAR cloning with vectors lacking a yeast origin of replication [summarized by Kouprina and Larionov (2) ]. Because transformants resulting from plasmid circularization should be the predominant transformants obtained in these circumstances, it is difficult to explain such a high efficiency of gene isolation using an ARS-containing vector. Discrepancy between our results and those published by Bhargava et al. (16) cannot be explained by differences in vector constructs (both constructs are pRS-based derivatives and contain the same ARS sequence) or by differences in chosen targeting sequences (circularization of vectors should not depend on targeting sequences). We also exclude that the discrepancy is due to the vectors being differently linearized before TAR cloning. (We observed approximately the same yield of circularized molecules with a vector cut by enzymes producing blunt and cohesive ends.) Though we cannot exclude that differences in results were caused by use of different yeast hosts, such an explanation is unlikely. Ineffective plasmid re-ligation during yeast transformation has been observed only in mutants on joining of non-homologous ends (17) . Typically this class of mutants exhibits a low frequency of transformation and cannot be used for TAR cloning experiments (N. Kouprina 
NOTE ADDED IN PROOF
In recent experiments, we have demonstrated that the efficiency of TAR cloning of a single copy gene (the human HPRT gene) was the same with hooks varying from 380 to 60 bp. Yield of HPRT-positive clones was~0.5%.
